The simulation of field electron emission from arrays of micrometer-long open-ended (5, 5) carbon nanotubes is performed in the framework of quantum theory of many electrons. It is found that the applied external field is strongly screened when the spacing distance is shorter than the length of the carbon nanotubes. The optimal spacing distance is two to three times of the nanotube length, slightly depending on the applied external fields. The electric screening can be described by a factor that is a exponential function of the ratio of the spacing distance to the length of the carbon nanotubes. For a given length, the field enhancement factor decreases sharply as the screening factor larger than 0.05. The simulation implies that the thickness of the array should be larger than a value but it does not help the emission much by increasing the thickness a great deal. 
INTRODUCTION
For the application of carbon nanotubes (CNTs) as the cold cathodes of field electron emission (FE), the ideal structure is to arrange the CNTs into an aligned array. It has been observed that the spacing distance of CNTs affects FE properties * Corresponding author: stslzb@mail.sysu.edu.cn remarkably. [1, 2, 3, 4, 5, 6, 7, 8, 9] It is clear that denser and longer CNT bundle has stronger screening effect that would reduce the field electron emission of each CNT. On the other hand, larger spacing distance decreases the number of CNTs in a unit area, which leads to weaker mean emission current density. It is important to describe the screening quantitatively and to find out its 1 effect on the FE ability. The calculation of Nilsson et al. [1] suggested that the optimum spacing distance would be twice the length of the CNTs. However, Jung Sang Suh et al. [2] showed that the emission current density is optimized when the length of the CNTs is equal to the spacing distance.
By solving Laplace's equation, Bocharov and Eletskii [9] found that the emission current density has the maximum value when the spacing distance is half of the length of the CNTs. More careful studies on this topic would obviously be useful. In this paper, we will simulate the FE of the array of singlewalled carbon nanotubes (SWCNTs) with a quantum/molecular hybrid method.
Under the applied external field (denoted by F appl ), it has been known that the SWCNT is charged. [10] Therefore, the SWCNTs of the array are coupled to each other through the Coulomb interaction. The excess charges are also the origin of the screening. The competition between the screening effect and the density of CNTs would be complicated by the field enhancement factor that is length-dependent. The field enhancement factor was presumably proportional to the aspect ratio of the SWCNT. However, recent quantum simulations revealed that the field penetration at the apex of the SWCNT is significant. [10, 11] The field penetration depends on the value of the applied external field, thereby it is also related to the screening effect. The enhancement factor of the array has been calculated by the classical method. [9] When the charge redistribution and the screening effect are taken into account, as will be shown in the present paper, the field enhancement factor of the array is different from the classical one obviously.
To estimate the excess charge distribution and the field penetration at the apexes of SWCNT arrays, it requires a large-scale simulation that should reflect both the quantum electron structure at the apex and the Coulomb interaction over the tubes. In experiments, the length of CNTs is usually in micrometers, while the radius is in nanome- ics and molecular mechanics. [10, 11] In the present paper, we adopted this method to simulate the FE of the SWCNT array, of which the length is in the micrometer scale.
The structure of the SWCNTs is specified to In Section II, the simulation method is reviewed briefly. The simulation results are presented and discussed in Section III. The dependence of the screening on the spacing distance, the length, and the applied external fields are discussed in Section IV, where a factor is introduced to describe the screening, and the correlation between this factor and the field enhancement factor is presented.
The last section gives the conclusions.
II. SIMULATION METHOD
The CNT array for FE is a typical multiscale system. In our model, the CNT array is under the uniform applied external field, By our experience, the proper size of the quantum region is much bigger than that the standard ab initio methods could deal with.
We have to further divide the quantum region into sub-regions. Each sub-region together with its adjacent sub-regions forms a subsystem that is dealt with by the modified neglect of diatomic overlap (MNDO) [12] semiempirical quantum mechanical method (here the MOPAC software has been used).
The excess charges outside the subsystem being dealt with are treated as point charges.
Their contribution to the subsystem being dealt with is through the Coulomb interac- 
III. SIMULATION RESULTS
It has been shown that the vacuum potential barrier in the circumambience of the SWCNT is high and thick [10] , therefore the electrons would most probably emit forward from the first layer of the tip. The transmission coefficient (D) can be estimated by the WKB approximation
where U(z) is the electron energy potential, E f is the Fermi energy, and the integral is over the classical forbidden region where U(z) − E f > 0. We have assumed that the electrons possess the Fermi energy.
With D in hand, the emission current of each SWCNT is estimated by
where q exc are the extra electrons of the first layer atoms, and ν is the collision frequency (the number of electrons hitting the barrier per unit time) that can be estimated from the average kinetic energy of π * electrons as We should focus at the electrostatic potential U(z) in the vicinity of the apex of the SWCNT, which determines the major feature of the FE of the array.
A. Varying spacing distance
In Fig. 1 The parabolic decrease of the current density as the spacing distance getting large can be easily understood by the fact that the current density is proportional to the number of SWCNTs in a unit of area when the screening effect is negligible.
B. Varying length
We plot the U(z) for different L under the applied external field F appl =10.0 V/µm, with d =0.75 in Fig. 3 (a) and 1.00 µm in Fig. 3(b) .
The lowering of apex-vacuum barrier is asso- µm and L=1.00 µm.
C. Varying applied external field
We have considered the array with d =2.00 µm and L=1.00 µm for various applied external fields. The electron potential U(z) is presented in Fig. 5 for F appl ranged from 7 to 15 V/µm.
The J -F appl characteristic is given in Fig. 
IV. SCREENING FACTOR
In order to describe the screening effect quantitatively, we define a screening factor α as
where V is the voltage drop (related to the substrate) at the middle point of the line connecting two neighborhood apexes. 
For the array of d =2.00 µm and L=1.00 µm, the screening factor α is calculated with different F appl . As shown in Fig. 7(b) , we find The reduction of field enhancement by screening can be seen more clearly in Fig. 9 for a few sets of applied external fields and tube lengths. the instances of the 9(b), the field enhancement factor decreases sharply as α increase when 1/α < 20.
V. CONCLUSIONS
We have studied the field electron emission properties of arrays of single-walled carbon nanotubes in the quantum level.
As the spacing distance of the SWCNTs exceeds a certain value (about the length of the tube), the emission current density increases rapidly. When the spacing distance is large enough, the current density decreases with the spacing distance as a parabolic
function. An optimal spacing distance that corresponds to the maximum current density could be two to three times of the nanotube Fig. 4(a) ) in the same trend as the classical calculation [9] , the quantitative discrepancy between quantum simulation and classical calculation is large. To increase the emission current density, one can either adjust the spacing distance or increase the lengths of the tubes. For the (5,5) SWCNT array considered in the present paper, we find that the current density is very small for the spacing distance 0.5 µm. For larger spacing distance (0.75 and 1.0µm, for instances), the current density increases rapidly as the length increases until the length is as large as 1.5 times of the spacing distance. For longer length, the current density only increases slowly. It implies that lengths of SWCNTs of the arrays need not be too long.
